precursor (i) first binds an exogenous guanosine (ii), which then attacks the 5Ј splice site and becomes covalently attached to the 5Ј end of the intron (iii). Subsequently, the ribozyme undergoes a conformational change, during which the 3Ј-terminal guanosine (G) Like a protein enzyme, the ribozyme needs to form a in the absence of its RNA substrate at 3.8 Å resolution.
Figure 1. The Group I Intron Splicing Mechanism and Its Related Enzymatic Activity
Self-splicing begins with the binding of an exogenous molecule of guanosine or one of its 5Ј-phosphorylated derivatives (G OH , where the subscript represents the free 3Ј-OH group). The G-site is located in paired region P7 of all group I introns. The reaction proceeds through three chemical steps with release of a short oligo with the exogenous G linked at its 5Ј end (Chem.3). Wavy lines represent the 5Ј and 3Ј exons and thick lines stand for the intron. Watson-Crick and G:U wobble base pairs are indicated by thin bars and dots, respectively. The enzymatic form of the ribozyme (viii) closely resembles form vi, which is the product of the exon ligation step of splicing and the precursor for intron circularization. The crystallized ribozyme (x) is the enzymatic form in the absence of its substrate. The cleavage activity (from viii to ix) of this ribozyme under crystallization conditions is shown in the insert. The substrate (S) includes nucleotides in the paired regions 1, 2, and 2.1. The cleavage product (P) terminates at the 5Ј splice site. M is a synthetic marker chemically identical to the product. zyme in the absence of its RNA substrate at 3.8 Å resolufrom several single anomalous dispersion (SAD) data sets on Eu, Dy, and iridium hexammine (Ir) derivatives tion. The improved resolution allows the elucidation of the active site configuration prior to the association of and a multiwavelength anomalous dispersion (MAD) data set on an Ir derivative (Table 1) . After large parts the substrate. The G is bound in the G-site in one of four layers of base triples. A catalytic magnesium ion of the P4-P6 domains were traced, the model phases greatly improved the quality of the electron density. The is proposed to bind in the active site, based on a heavy atom soak experiment. This work provides a refined final structure contains four independent ribozyme molecules with 968 out of 988 residues ordered. crystal structure of an active Tetrahymena ribozyme.
At 3.8 Å resolution, the phosphate positions are normally well determined (Figure 2 ). The base positions are Results clearly visible in the electron density in some regions, but are continuous with neighboring bases in others.
Crystallization and Structure Determination
Assuming A-form structures, the residues in helical reIntroduction of the five stabilizing mutations into Tet3-9 gions are better determined than those in single strands. improved the diffraction of the ribozyme crystals to 3.8 Å resolution. The improvement in diffraction critically depended on soaking the ribozyme crystals in stabilizer Overall Structure The four independent monomeric structures corresolutions containing 15% ethanol. During this process, the space group of the crystals changed from P4 2 2 1 2 to sponding to the four molecules in the asymmetric unit have most of their structural features in common ( Figure  P4 Table S1 at http://www.molecule. org/cgi/content/full/16/3/351/DC1/). For example, the A for details).
The crystals were not isomorphous with each other and B molecules have an rms deviation of 1.4 Å for all the residues that are ordered in both structures (242 out and decayed severely during data collection at synchrotron X-ray sources. Thus, about 120 data sets were of a total of 247 nt). The P4-P6 domains and the P3 and P7 helices are the most superimposable regions, with collected in the course of the project. The structure was finally solved by combining phase information derived rms deviations ranging from 1.1 to 2.0 Å between the Figure S1B ). For example, residues appear to be localized to specific peripheral regions, such as the P9 and P8 helices ( Figure 3C ; Supplemental 261-275 in the P7 and P3 regions appear to follow the same path in their superposition, but differ in register Figure S1A ). In particular, P9 and neighboring regions of molecule C are located far from the equivalent regions by 1-2 residues. The difference may be an indication of the limitation of the low-resolution model. Alternatively, in the other three molecules; this occurs because the interaction between L9 and the P5 and J5/5a regions the five mutations introduced into Tet3-9-R14C and the different crystalline environments may contribute to the seen in the other three molecules is disrupted by a crystal contact. differences. Our higher resolution ribozyme structure confirms the overall architecture of the previous 5 Å resolution model New Views of Tertiary Interactions The higher resolution structure provides detailed views (Golden et al., 1998). The P4-P6 domain forms a hairpinlike structure, consisting of two pseudocontinuous heliof tertiary interactions involving P6. The A104 residue uses its minor groove surface and the 2Ј-OH of the ribose cal regions connected by a sharp bend. This part of the structure is similar to the crystal structure of the isolated to contact the ribose of C217; the structure here is similar to the type II A-minor interaction (Doherty et al., 2001), domain (Cate et al., 1996), with some differences in the loop regions between P6 and P6a (discussed below). even though C217 is not involved in a classic WatsonCrick base pair. The A105 residue uses its minor groove The P3 and P8 helices are coaxially stacked. The three nucleotides in the joint region between P7 and P3 (J7/3) side of the base and ribose to contact the entire minor groove surface of the C216-G257 pair in P6, forming a introduce a bend between these neighboring helices. P9 is oriented 90Њ from P7. The P3-P9 domain wraps type I base triple interaction ( Figure 3D ). Together, these two interactions constitute a consecutive type I/II motif around the P4-P6 domain through extensive interdomain interactions to form the active site of the ribozyme (Doherty et al., 2001). The U106 residue interacts with the U258 ribose directly using its ribose moiety, and ( Figure 3B) .
The largest differences between the new Tet3-9-R14C likely with direct or water-mediated hydrogen bonds Table S2 ). The Protein enzymes that catalyze similar nucleotidyl-or 3Ј-OH of G is the attacking nucleophile in the cleavage phosphoryl-transfer reactions, such as DNA polymerreaction (Figure 1, viii) . The 2Ј-OH of G also makes a ases, 3Ј-5Ј exonuclease, and alkaline phosphatase, critical contribution to catalysis (Bass and Cech, 1986), mainly use acidic amino acid side chains (Asp and Glu) due to lowering the pKa of the adjacent 3Ј-OH and posito position two catalytic metals (Steitz, 1999 structure. Similar to a protein metalloenzyme, this metal These catalytic magnesium ions are within direct conis bound to the ribozyme even in the absence of subtact distance to the phosphates of residues C262, U305, strate. Another catalytic metal ion (M A ) is proposed to and A306 ( Figure 6A and Supplemental Table S2 ). The bind to a phosphoryl oxygen of the RNA substrate (Shan phosphates of A207 and C208 face the active site and et al., 1999a), so it is reasonable that it would not be are about 4-7 Å away from the magnesium sites. These present in the substrate-free form of the ribozyme crysare likely the major functional groups the ribozyme uses tallized here. to chelate the catalytic metal ions. In an early study, phosphorothioate substitution-interference identified Similar Catalytic Core Structure and G-Site 13 phosphate positions that are important to the guanoin Tetrahymena and Azoarcus Structures sine addition step (Figure 1, ii-iii) 
in the Tetrahymena
The G binding site of the Tetrahymena ribozyme has a structure similar to that of the Azoarcus group I intron intron self-splicing reaction (Christian and Yarus, 1993). 
